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Summary
Objective: We previously reported that an increase of cartilage thickness is the earliest measurable change by magnetic resonance imaging
(MRI) in early stages of experimental osteoarthritis (OA). Our present objective was to study the microscopic translation of this ﬁnding in order
to know whether the cartilage thickness increment represents the earliest structural damage or whether it alternatively constitutes a non-
progressive reversible phenomenon.
Methods: OA was induced by partial medial meniscectomy in rabbits. Normal and sham-operated animals were used as controls. Gross and
microscopic cartilage changes were sequentially assessed after surgery at 0, 2, 4, 6, 8, 10 and 52 weeks, and compared to MRI ﬁndings.
Results: The swelling of cartilage detected by MRI correlated with depletion in matrix proteoglycans and cellular loss, which were closely
related to the progression of OA at the earliest stages. Abnormalities of the cartilage structure appeared only in advanced OA.
Conclusion: Cartilage swelling detected by MRI is due to proteoglycan depletion and represents the earliest abnormality in OA. Because it is
accompanied by cellular loss, it cannot be merely attributed to surgical trauma and represents true tissue damage. The biological meaning of
volume variations detected by MRI should be assessed carefully taking into account the disease stage as an increase in cartilage height also
reﬂects cartilage damage and not a reparative process.
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Magnetic resonance imaging (MRI), by virtue of its excellent
soft tissue contrast, high spatial resolution, multiplanar
capability, and ability to allow direct visualization of the
cartilage, appears to be ideally suited for the investigation of
joint diseases. It can be extremely useful to study the initial
changes in osteoarthritis (OA) and has been suggested to
be used to evaluate the effect of therapies in cartilage
tissue1e3. With improvements in equipment and methodol-
ogy, new imaging techniques aimed to evaluate early
proteoglycan and collagen alterations in OA have been
developed4e7. Recent attention has also been focused on
the quantiﬁcation of cartilage thickness and volume
distribution under normal and pathologic conditions8e10.
Magnetic resonance quantitative investigations of osteoar-
thritic joints have described thinning of hyaline cartilage,
which may be detected radiographically as joint space87reduction at more advanced stages, and has been
explained as tissue destruction8. However, cartilage thick-
ening has also been observed, and it is not clearly
understood if it represents an initial reversible phenomenon,
permanent tissue damage or if it is the expression of
a reparative process11e13, but reports of longitudinal studies
monitoring quantitative changes of cartilage are very
scant14,15. For this reason, we carried out a sequential
study following the early stages of an OA model induced by
partial meniscectomy. This model has the advantage that
the joints are large enough to achieve good sensitivity and
reproduce a progressive but mild form of the disease, which
is very similar to that seen in early human OA16. Cartilage
and subchondral bone changes were quantiﬁed over time
using high-resolution MRI andmicroradiographic stereology,
and focal thickening of the condylar joint cartilage at the
weight-bearing area was noted very early, between 4 and 8
weeks after surgery, while the subchondral bone remained
unchanged. Thus, we could establish that a focal increase in
cartilage thickness is one of the earliest measurable
changes in OA which precedes any other morphologic
abnormality of the disease17.
The objective of the present investigation is to study the
microscopic translation of these MRI ﬁndings in order to8
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the earliest structural damage or whether it alternatively
constitutes a non-progressive reversible phenomenon.
Material and methods
EXPERIMENTAL ANIMAL MODEL
A total of 52 white New Zealand male rabbits (8 weeks
old, 2.0e2.5 kg) were obtained from B&K Universal, Madrid,
Spain. Group 1, 24 rabbits, underwent left partial medial
meniscectomy to experimentally induce degenerative knee
lesions. Ten of these rabbits were used for longitudinal MRI
preoperatively and 2, 4, 6, 8 and 10 weeks after the
operation to characterize the progression of their stiﬂe joint
disease at the initial stages. These rabbits were euthanized
by intracardiac administration of sodium pentobarbital
(50 mg/kg) (Pentotal, Abbott, Madrid, Spain) at 2 (ﬁve
animals), 4 (two animals), 6 (ﬁve animals), 8 (two animals),
and 10 weeks (ﬁve animals), and the ﬁve remaining
meniscectomized animals were killed 52 weeks postme-
niscectomy to assess severe osteoarthritic articular
changes as late disease controls. The operated knees
were evaluated for gross pathologic and microscopic
abnormalities and these changes were correlated with
MRI ﬁndings in the animals imaged. Thirty-two rabbits were
used as controls and allocated in two groups: group 2 (16
rabbits) represented a sham-operated series, and group 3
(16 rabbits) a further control series comprising normal left
knees. Three animals of each control group were killed at 2,
6, 10 and 52 weeks and two at 4 and 8 weeks, respectively.
Their knees were examined for macro and microscopic
changes. The research complied with national legislation
and with the National Institute of Health Guide for the Care
and Use of Laboratory Animals.
Rabbits were anaesthetized by intramuscular injection of
2 ml/kg of xylazine (Rompun, Bayer Leverkusen, Madrid,
Spain) and ketamine HCl (Ketolar, Parke-Davis, Barcelona,
Spain) in a 5:1 ratio, and a partial medial meniscectomy
was performed in the left knee as reported elsewhere17. In
brief, antibiotic prophylaxis was administered with cefonicid
(100 mg/kg) (Monocid, Smith and Beecham, Madrid,
Spain). Under sterile conditions, the knee was approached
via median parapatellar incision. Using iris scissors, themeniscotibial ligament was incised, the peripheral attach-
ment of the anterior one-half of the meniscus was released
and ﬁnally excised. The knee was closed by layers and
a bulky Robert-Jones bandage applied with the knee bent
at 90( for 4 days. All animals were permitted free cage
activity after surgery. The sham-operated rabbits underwent
the same procedure with the exception of meniscectomy.
CARTILAGE THICKNESS MEASUREMENT WITH MAGNETIC
RESONANCE IMAGING
Magnetic resonance imaging of the left knee was
performed on a Bruker Biospec 47/40 spectrometer (Bruker
Medizintechnik GmBH, Ettlingen, Germany) equipped with
a 4.7 T superconducting magnet (Oxford Instruments Ltd.,
Oxford, UK) and high-performance unshielded gradients
with a maximum gradient strength of 300 mT/m, following
a previously described protocol17. The imaging acquisition
protocol started with two sets of pilot scans using a fast
spin-echo (RARE) localizer sequence (repetition time
[TR]Z 1500 ms, echo time [TE]Z 19 ms, 5 cm ﬁeld of
view [FOV], 256! 256 image matrix giving 195 mm2 in
plane spatial resolution from a 1 mm slice thickness). The
ﬁrst set of coronal slices was used to establish the position
of the knee in the coil. The second set of axial slices
through the femoral condyles allowed adjustments to be
made to position sagittal slices. To obtain reproducible
sections, the sagittal slices were always displayed on the
speciﬁc axial slice where the arch of the femoral notch
described a perfect semi-circumference and they were
perpendicular to a line tangent to the posterior border of the
femoral condyles. The sequence acquired for image
analysis was a 2D-spoiled gradient-echo sequence with
TR/TEZ 294/13 ms, a ﬂip angle of 60(, 4 number of
excitations (NEX) and slice thickness 1 mm. The FOV was
5 cm and the image acquisition and reconstruction matrix
size 256! 256. Nine parasagittal slices (1 mm thickness
each) of the medial femoral condyle were obtained and
cartilage thickness was determined in the weight-bearing
area of the four central sagittal images of the femoral
condyle [Fig. 1(a)]. The weight-bearing area was selected
because it has been demonstrated that it is the zone where
the earliest abnormalities can be detected histologically and
with MRI17. The three medial and two lateral parasagittalFig. 1. (a) The cartilage thickness was measured in the sagittal gradient-echo image through the medial compartment of the left knee
(TRZ 294 ms; TEZ 13 ms). Five lines crossing the articular cartilage perpendicularly were automatically displayed along the weight-bearing
area of the medial femoral condyle. (b) A graph of digitized image analysis plotted with signal intensity across the articular surface
corresponding to each line was obtained. A characteristic high peak represents the cartilage signal intensity. Cartilage thickness was
measured by computing the distance between the points of signal drop on the baseline corresponding to subchondral bone and joint ﬂuid. The
mean values of the cartilage thickness measurements were used for statistical analysis.
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errors derived from the partial volume effect. All measure-
ments of cartilage thickness were performed with a software
developed by us that permits automatized determination of
cartilage thickness based on digitized image analysis of
variations in signal intensity [Fig. 1(b)]17.
GROSS PATHOLOGY
Immediately after the rabbits were killed, the knee joint
was dissected. The femoral cartilage was inspected by two
blinded observers (EC, IP) for gross pathologic changes
with the aid of a magniﬁcation loupe. The severity of
macroscopic changes was categorized as 0 (normal), 1
(discoloration, mild surface irregularities or pitting), 2
(partial-thickness erosion or ﬁbrillation), and 3 (full-thick-
ness erosion or osteophytes).
HISTOLOGY
The purpose of the histologic evaluation was to deﬁne
and quantify sequentially the overall degree of osteoarthritic
changes, to separately score the abnormalities of cells,
matrix and calciﬁed cartilage, and to correlate each
histologic alteration with the variations of thickness detected
by MRI. After macroscopic examination, the central portion
of the articular surface of each medial femoral condyle
corresponding to the midparasagittal MRI slices previously
evaluated was demarcated (4 mm thick) with a knife and cut
with a special sawing device (Drummel, Mexico City,
Mexico) along the demarcated line. Tissue blocks were cut
perpendicular to the articular joint surface end and
extended to the depth of the bone marrow (approximately
1 cm). The central block was reserved for histologic
analysis and ﬁxed in 4% paraformaldehyde. After de-
calciﬁcation, 5 mm sections were stained with hematoxylin
and eosin (to assess cellularity and structural abnormalities)
and alcian blue, pHZ 1 (to evaluate the proteoglycan
content)18.
The weight-bearing area of the femoral condyle pre-
viously studied with MRI was delimited and histopatholog-
ically assessed using the Mankin grading system by two
observers (EC, ED)19. The observers were blinded with
respect to the macroscopic description and MRI ﬁndings,
and the samples were presented in random order. A partial
score for the categories of the Mankin scale (structure
abnormalities, cellularity, alcian blue staining and tidemark
integrity) was allocated, and the scores of these categories
were totaled for each section.
STATISTICAL ANALYSIS
Paired Student t tests were performed on the data to test
signiﬁcant variations on MRI-measured cartilage thickness
at previously deﬁned time points. To eliminate biased
assessment, the ﬁnal scores in the gross pathological and
microscopic examination were obtained by calculating the
mean value of the results of the two observers. Thedifferences of the total score and the partial scores of the
categories of the Mankin scale obtained for the three groups
of animals at each point of time of the longitudinal study
were compared using the ManneWhitney U test. A
statistically signiﬁcant value was chosen at P! 0.05.
Spearman correlation test was used to determine the
extent to which each category of the Mankin grading
system correlated with the time of evolution of the disease
and with the increment in cartilage thickness found on MRI
(rZ partial correlation). All calculations were performed
using commercially available software (SPSS v 11.0,
Windows, Chicago, IL).
Results
MRI MEASUREMENT OF CARTILAGE THICKNESS (TABLE I)
Cartilage thickness at the weight-bearing area of the
femur showed a trend to increase in thickness over time in
the early weeks after surgery, which was statistically
signiﬁcant by 4 weeks, and this increment was progressive
up to 8 weeks postoperatively (P! 0.05). The two rabbits
imaged 10 weeks after surgery showed a trend to decrease
in cartilage thickness in comparison to previous stages.
GROSS PATHOLOGY (TABLE II)
No abnormalities could be found on gross inspection in
the non-operated rabbits, and the sham-operated controls
only showed mild synovial thickening located at the medial
parapatellar fat pad, where the joint had been opened
[Fig. 2(a)]. In the meniscectomy series, four rabbits showed
mild abnormalities, i.e. cartilage discoloration, at the earliest
stages of the disease (2 and 4 weeks postoperatively). At 6
weeks, the femoral articular cartilage of the meniscectom-
ized animals had lost its brightness and revealed some
areas of pitting. Three specimens presented small super-
ﬁcial ulcers at the weight-bearing area or an initial
osteophyte at the medial rim of the femoral condyle
[Fig. 2(b)]. These abnormalities were also evident at 8
weeks. Changes in coloration were more marked in rabbits
examined 10 weeks postoperatively, especially on the
weight-bearing surface, where the articular cartilage ap-
peared eburnated. Erosions and osteophytes could in
addition be observed in four of the ﬁve samples assessed.
Ulcers were very small in diameter (0.5 mm), of partial
thickness, and predominantly localized at the medial and
posterior aspects of the femoral condyle. Here, osteophytes
were small and appeared as a thin white colored margin
bordering the medial compartment of the femoral condyle
[Fig. 2(c)]. This appearance led us to think that they were
mainly of cartilaginous instead of osseous nature, repre-
senting early soft spurs (chondrophytes). At 52 weeks, all
femoral condyles showed osteophytes, which had osseous
appearance and measured up to 1 mm. Cartilage surface of
the medial femoral cartilage showed extensive irregularities
and four cases demonstrated partial-thickness erosions
[Fig. 2(d)]. No macroscopic lesions were found in the lateral
compartment of the meniscectomized knees.Table I
MRI measurement of cartilage thickness at the weight-bearing area of the medial femoral condyle in meniscectomized rabbits
Week 0 Week 2 Week 4 Week 6 Week 8 Week 10
0.58G 0.14 0.59G 0.13 0.62G 0.16* 0.67G 0.16* 0.72G 0.19* 0.58G 0.16
*Represents statistically signiﬁcant values vs time 0 (P! 0.05). Data are expressed as meanG standard deviation in mm.
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Gross evaluation
Group* Week 2 Week 4 Week 6 Week 8 Week 10 Week 52
1 0.8G 0.8 1.5G 0.7 4.4G 1.9 6.0G 1.4 5.0G 2.1 7G 0
2 0.5G 0.7 0G 0 1G 0 1.5G 0.7 1G 1.4 2G 0
3 0G 0 0G 0 0.3G 0.6 0G 0 0.3G 0.6 0.3G 0.6
*Group 1: partial medial meniscectomy rabbits. Group 2: sham-operated control rabbits. Group 3: non-operated control rabbits. Data are
expressed as meanG standard deviation.HISTOLOGY
Table III shows the total score and the partial scores
corresponding to the four categories of the Mankin protocol
obtained for the three groups of rabbits at the follow-up
times of the longitudinal study. Whereas the scores of the
control groups remained stable throughout the study, the
global score progressively increased in the meniscectom-
ized knees and reached signiﬁcantly higher scores at 6, 10
and 52 weeks after the operation when compared to control
groups (P! 0.05) (Fig. 3). In contrast, sham-operated
knees showed no signiﬁcant differences compared to non-
operated knees, either in the global score or in the partial
scores corresponding to the categories of the Mankin
system.
The analysis of the categories included in the Mankin
score demonstrated the progression of cartilage lesion
during the study (Fig. 4).1. Abnormalities of the structure. Surface structural
irregularities consisting of focal loosening of the lamina
splendens and mild ﬁbrillation could be observed early
in most of the knees where the medial meniscus had
been excised. These alterations were constant in the
animals 6, 8 and 10 weeks after the operation, but only
three showed superﬁcial clefts that reached the radial
zone in one specimen [Fig. 5(bec)]. All the rabbits with
long-standing OA (52 weeks) had clefts and focal
ulcers eventually leaving the subchondral bone
exposed [Fig. 5(d)]. Interestingly, these discreet
superﬁcial irregularities were also common in the
sham-operated and, from the 10th week of follow-up,
in the non-operated controls as well. Therefore, the
partial scores corresponding to structural alterations of
meniscectomized rabbits reached statistically higher
values than controls only at 52 weeks (P! 0.05).Fig. 2. Macroscopic images of the left femoral condyle. (a) Non-operated rabbit. (b) Six weeks postmeniscectomy cartilage pitting and a partial-
thickness ulcer at the weight-bearing area (arrowhead) can be observed. (c) In this sample obtained 10 weeks after surgery, a chondrophyte
borders the rim of the medial femoral condyle (arrowheads). (d) The osteophyte is wider and extends to the patellofemoral articular surface at
52 weeks postmeniscectomy (arrowheads).
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Microscopic evaluation (Mankin score15)
Weeks Groupy Structure Cells Matrix staining Tidemark integrity Total Mankin score
2 1 0.8G 0.4 0.2G 0.4 0.8G 1.3 0.2G 0.4 2G 1.8
2 0G 0 0G 0 0.5G 0.7 0G 0 0.5G 0.7
3 0G 0 0G 0 0G 0 0G 0 0G 0
4 1 1.5G 0.7 3G 0 1.5G 0.7 1G 0 7G 1.4
2 1G 0.6 0G 0 0G 0 0G 0 1G 0.6
3 0G 0 0G 0 0G 0 0G 0 0G 0
6 1 1.8G 1.3 2.6G 0.9* 2G 0* 0.2G 0.4 6.6G 1.8*
2 1G 0 0.5G 0.7 0.5G 0.7 0G 0 2G 1.4
3 0G 0 0G 0 0G 0 0G 0 0G 0
8 1 1G 0 1.5G 0.7 2G 0 0.5G 0.7 5G 1.4
2 1G 0 0.5G 0.7 0.5G 0.7 0G 0 2G 1.4
3 0G 0 0G 0 0G 0 0G 0 0G 0
10 1 1.6G 1.6 2.5G 0.8* 2G 0* 0.3G 0.5 6.3G 2.1*
2 1G 0 0.5G 0.7 1G 0 0G 0 2.5G 0.7
3 1G 0 0G 0 0G 0 0G 0 1G 0
52 1 3.8G 1.6* 3G 0* 3G 0* 0.8G 0.4* 10.6G 1.7*
2 0.5G 0.7 0.5G 0.7 1G 1.4 0G 0 2G 2.8
3 1G 0 0G 0 0G 0 0G 0 1G 0
*Represents signiﬁcative values in comparison to groups 2 and 3 (P! 0.05).
yGroup 1: meniscectomized rabbits. Group 2: sham-operated control rabbits. Group 3: non-operated control rabbits. Data are expressed as
meanG standard deviation.2. Cells. Follow-up revealed that in all the knees operated
on for meniscectomy, except for the knees evaluated
immediately after surgery (2 weeks), the cartilage was
signiﬁcatively hypocellular (P! 0.05), but isolated
clones could only be identiﬁed in two specimens
evaluated 8 and 10 weeks postoperatively. Cell
density was substantially reduced in the animals
observed 1 year after meniscectomy, and three of
them demonstrated clones. The clones were localized
in the superﬁcial and deep zones of the tissue and
sometimes were demarcated by vertical and horizontal
clefts in the matrix [Fig. 6(a)]. In contrast, the presence
of cell abnormalities in the control specimens was
anecdotal, and the combined scores demonstrated
signiﬁcant differences at 6, 10 and 52 weeks when
comparing meniscectomized to normal and sham-
operated knees (P! 0.05).
3. Alcian blue staining. While the staining of the speci-
mens of the sham-operated and non-operated animalsremained barely unchanged along the study, speci-
mens corresponding to meniscectomized rabbits
showed a mild to moderate reduction of the matrix
staining score in the early stages of the disease (2e10
weeks), which was clearly more pronounced 52 weeks
postoperatively (Fig. 7). The combined histologic
scores used for assessment of matrix staining were
higher in the operated knees than in the control and
sham-operated animals at 6, 10 and 52 weeks
(P! 0.05).
4. Tidemark integrity. Tidemark appeared crossed by
blood vessels in four out of ﬁve samples of the rabbits
followed 52 weeks after meniscectomy, but this
abnormality was only sporadically appreciated at
earlier periods and was absent in the sham-operated
and non-operated groups [Fig. 6(b)]. The differences
between operated, sham-operated and non-operated
rabbits were only statistically signiﬁcant at long-term
follow-up (52 weeks) (P! 0.05).0
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Fig. 3. Graph of the longitudinal microscopic evaluation of the three
groups of rabbits. The x-axis represents the postoperative week of
the specimens and the y-axis the value obtained for each group
according to theMankin scale. Group 1Zmeniscectomized rabbits,
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Fig. 4. Longitudinal microscopic evaluation of the categories of the
Mankin scale in the meniscectomized rabbits. The x-axis repre-
sents the postoperative week of the specimens and the y-axis the
value obtained by each category according to the Mankin scale.
883Osteoarthritis and Cartilage Vol. 12, No. 11Fig. 5. Photomicrographs of femoral rabbit articular cartilage (hematoxylin and eosin). (a) In healthy cartilage the surface is smooth,
chondrocytes are present throughout, the tidemark is intact and the calciﬁed zone and the underlying subchondral bone appear normal (!20).
(b) Six weeks after meniscectomy the articular surface appears ﬁbrillated (!40). (c) Vertical clefts reaching the radial zone can be observed in
this specimen obtained 10 weeks after surgery (!40). (d) At 52 weeks the cartilage shows severe changes. Vertical ﬁssures and major
horizontal clefts are evident. Small pieces of matrix lie free and cellularity is diminished (!20).According to these data, the decreases in cellular density
and matrix staining appear to be the histologic character-
istics that more precisely demonstrate early cartilage
damage in initial OA, whereas the violation of the tidemark
and the injury of the cartilage structure are only prominent at
the advanced stages of the disease. The decrease in matrix
alcian blue staining was the category which showed the
best correlation with the time of evolution of OA (rZ 0.74).
When this characteristic was compared to the ﬁndings of
the imaging study, there was an interesting coincidence in
time between the histologic reduction in matrix staining andthe increment in cartilage thickness detected by MRI
(Fig. 8). On the other hand, the remaining categories of
the Mankin grading scale (structure abnormalities, cellular-
ity, and tidemark integrity) correlated signiﬁcatively less with
the evolution of the disease (rZ 0.50, 0.59, and 0.27,
respectively). The study of correlation between these
histologic variables and the MRI ﬁndings showed lower
values, but the reduction in matrix staining with alcian blue
was again the category with a higher correlation with the
increment in femoral cartilage thickness (rZ 0.64 vs 0.43,
0.54, and 0. 55, respectively).Fig. 6. High-power photomicrographs of a sample of medial femoral condyle obtained 52 weeks postmeniscectomy. (a) The superﬁcial and
intermediate layers of cartilage are lost and in the deeper layers, cells are grouped in clones. (b) Tidemark can be observed reduplicated and
crossed by blood vessels in this image of the subchondral plate (hematoxylin and eosin !40).
884 E. Calvo et al.: Cartilage swelling represents proteoglycan depletionFig. 7. Progressive reduction of matrix staining intensity at weeks 6 (b), 10 (c) and 52 (d) postmeniscectomy in comparison to a healthy
specimen (a) (alcian blue !20).Discussion
MRI has been demonstrated to be a good technique to
investigate OA, but most published studies evaluate
morphologic abnormalities, which can only be detected in
well-established joint lesions18,20,21, and thus, quantitative
studies are required to evaluate early OA. Longitudinal
quantitative studies can help us to understand the
etiopathogenesis of this disease and to ﬁnd effective
therapies. Because MRI is extremely sensitive to changes
in cartilage hydration, several investigations have mea-
sured matrix alterations with this technique4e7,22,23. In
addition to estimation of changes in MRI signal intensity,
quantitative assessment of cartilage damage relies on
determination of cartilage thickness and volume8,15. Paul
et al.12 reported an MRI study in advanced cartilage
degeneration in the rabbit knee and found a correlation
between cartilage thinning and the loss of proteoglycans.
Cartilage thinning has been therefore correlated with tissue
destruction, which ﬁnally was to be detected radiograph-
ically as joint space narrowing. Other MRI investigations
performed in early OA have identiﬁed an initial phase of
cartilage hypertrophy followed by degeneration and
loss15,24. This initial phase of hypertrophic remodeling has
been related to swelling of cartilage based on anatomic
studies of early OA published by other authors, but
a pathologic correlation is lacking13,25,26. Thus, there is
not yet any pathologic explanation for this ﬁnding, and it is
not known if it is the tissue expression of a reparative
phenomenon or if it represents permanent tissue damage.
In this study, the increase in thickness detected with MRI
correlated with a progressive diminution in proteoglycan
content, leading us to think that an alteration of the role of
proteoglycans in the hydration of cartilage by facilitating theexpression and imbibition of extracellular water suggested
by Lohmander et al.27 might be responsible for the
variations in cartilage height. It has been demonstrated
that edema of the extracellular matrix is the ﬁrst recogniz-
able change in early OA28,29. We have already reported the
excellent sensitivity of MRI in detecting cartilage swelling at
as early as 4 weeks in this experimental model13. The good
correlation in time found in our work between cartilage
hypertrophy and the reduction in matrix staining with alcian
blue suggests that MRI is also speciﬁc and shows alteration
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Fig. 8. Graph of the sequential evolution of cartilage height
measured by MRI and alcian blue staining of cartilage matrix at
the early postoperative weeks in meniscectomy rabbits. The x-axis
represents the postoperative week of the rabbits and the y-axis the
cartilage height (left) and the values of matrix staining intensity
(right).
885Osteoarthritis and Cartilage Vol. 12, No. 11in the content of proteoglycans. Nonetheless, it is known
that swelling in osteoarthritic cartilage is due to the failure of
the damaged collagen network too30, and MRI appearance
of hyaline cartilage depends on collagen architecture31.
Because no histochemical evaluation of the collagen
network was performed in our investigation, the responsi-
bility of collagen disruption in the increment of cartilage
thickness cannot be excluded. However, the results of this
work support the hypothesis that cartilage swelling could be
the consequence of glycosaminoglycan depletion in the ﬁrst
stages of OA. First, the fact that alcian blue staining was
performed at pH 1 implies that the reduction in matrix
staining was due to proteoglycan loss because under these
conditions only sulfated mucines retain the colorant18.
Second, cartilage substance remains basically intact with
relatively little destruction or tissue loss in this experimental
model, even in more advanced OA, and it is known that the
collagen framework has to be severely damaged to ﬁnd
microscopic lesions in the matrix structure32,33. This
observation was conﬁrmed in our investigation, where only
animals with long-lasting disease showed signiﬁcant
abnormalities of the cartilage structure. As the objective of
this imaging study was to evaluate the very early changes,
thinning of cartilage was not observed. However, in this
study rabbits imaged 10 weeks after meniscectomy showed
a decrease in cartilage thickness in comparison to earlier
stages, and it seems likely that cartilage loss would be
appreciated if joints with long-term OA would have been
imaged, as demonstrated by other authors12,15,24. Obvi-
ously, it would have been desirable to establish a quantita-
tive correlation between MRI and histological measurement
of variations in cartilage thickness, but small changes would
probably be undetectable through histology in a longitudinal
study due to tissue shrinkage during processing.
In addition to changes in matrix staining, the histopath-
ological analysis of the specimens corresponding to early
OA also displayed a signiﬁcant reduction in cellularity. With
the data of this study, we cannot ascertain whether these
two ﬁndings have any physiopathological relation or
whether they are simply coincidental, but it seems reason-
able to think that proteoglycan depletion could be second-
ary to cell loss due to the osteoarthritic process, considering
their coincidence in time during the early evolution of the
disease. It has been suggested that cartilage edema could
initially result from the focal proteolytic and proteoglycan
degradation activities of the chondrocytes32. With the
establishment of cellular depletion, the cartilage would
have lost its capacity to keep ﬂuid tissue balanced
synthesizing more proteoglycans. The therapeutic implica-
tions of this sequence could be important, because while
some treatments with OA-modifying agents might increase
proteoglycan synthesis, cellular alterations are still not
amenable to correction with any treatment, and would
therefore mean permanent tissue damage.
Several authors have pointed out the potential role of
subchondral bone in the etiology of OA. Bone sclerosis
could alter the ability of the subchondral bone to cushion
and distribute homogeneously joint forces34,35. In that
sense, advance of the tidemark could result in a reduction
in cartilage height32, and its penetration by blood vessels
causes an inﬂammatory reaction in the cartilage that would
be responsible for osteoarthritic changes. Calciﬁed cartilage
could also be a source of growth factors that enhance bone
remodeling and alter cartilage repair36,37. Although bone
sclerosis is well documented in OA, we could not detect
minimal variations in subchondral bone architecture in the
earliest stages of the disease in this experimental model, aspreviously reported, suggesting that changes in cartilage
thickness preceded structural alterations in subchondral
bone17.
In summary, the swelling of cartilage detected by high-
resolution MRI correlates with depletion in matrix proteo-
glycans. The variations in this histologic ﬁnding are closely
related to the progression of OA at the earliest stages.
Because proteoglycan depletion is accompanied by
cellular loss and it was not detected in the sham-operated
rabbits, it cannot merely be attributed to surgical trauma
and represents true tissue damage. As a consequence,
volume variations detected by MRI should be interpreted
with caution, as increments in cartilage height may imply
permanent tissue damage, even in the early stages of
the disease, and not transient edema or the imaging of
a reparative process. Quantitative MRI variations of
cartilage volume or height have been considered a precise
endpoint for clinical studies on OA, but a strict validation
of the technique for this purpose is probably still
necessary.
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